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Abstract—In this paper, we propose two methods to com-
pensate the I/Q imbalance generated by the direct conversion
receiver in orthogonal frequency division multiplexing (OFDM)
systems. In our proposed methods, the channel is considered to
be an unknown multipath channel with additive white Gaussian
noise. Two methods for I/Q imbalance compensation are pro-
posed: the maximum-likelihood estimation (MLE)-based method
and the least-square estimation (LSE)-based method. Computer
simulations are conducted for comparisons of the performance.
Effects of timing and frequency offsets on performance are
also considered. We find that the MLE-based method generally
performs well and is robust against timing and frequency offsets.
The LSE-based method performs well at high signal-to-noise ratio
and is robust against the timing offset.
I. INTRODUCTION
In orthogonal frequency division multiplexing (OFDM)
systems, it is attractive to employ the direct conversion ar-
chitecture in the radio frequency (RF) module of receivers for
low cost and low power consumption, but one of the main
problems is I/Q imbalance. The imperfect RF circuits cause
that the amplitudes in inphase and quadrature oscillators are
not the same and the phase shift is not exactly 90 degrees.
The mismatches of amplitude and phase shift are called gain
and phase imbalance. Since I/Q imbalance degrades the system
performance considerably and the analog circuits are not easily
done perfectly, we should compensate the I/Q imbalance by
some digital methods in baseband receivers.
I/Q imbalance compensation can be approached in many
ways [1] – [8], but most of the previous methods ignored
the unknown multipath channel in communication systems.
The unknown channel is treated in [7] and [8], but the
considered case is single carrier and the maximum-likelihood
(ML) solution in [8] requires employing a numerical method.
We assume the multipath channel to be unknown and consider
OFDM systems in this paper, and the ML estimation method
results in a closed-form solution. This paper is organized as
follows. In Section II, the I/Q imbalance model and signal
analysis are presented. Section III and IV introduce the two
proposed compensation methods, and the effect of frequency
offset is considered in Section V. Simulation results are shown
in Section VI, and conclusion is drawn in Section VII.
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Fig. 1. OFDM receiver architecture with I/Q imbalance.
II. I/Q IMBALANCE MODEL IN OFDM SYSTEMS
A. OFDM Receiver Architecture
In the OFDM receiver, we assume that the gain imbalance
is , the phase imbalance is θ, and both of them are concen-
trated totally on the quadrature branch. The OFDM receiver
architecture with I/Q imbalance is shown in Fig. 1. In practical
receivers, the I/Q imbalance may be frequency-dependent [2].
For simplicity, we assume that the I/Q imbalance is frequency-
independent, yet the compensation method may need to be
re-performed periodically [3].
B. Signal Analysis
After quadrature demodulation of the received RF signal
y(t) without I/Q imbalance, the ideal low-pass filtered inphase
and quadrature signals denoted by y˜I(t) and y˜Q(t) are given
by
y˜I(t) = LPF {y(t)·2 cos(2πfCt)} = <{0.5·x(t)⊗h(t)+z(t)}
y˜Q(t) = LPF {y(t)·2 sin(2πfCt)} = ={0.5·x(t)⊗h(t)+z(t)}
where x(t) is the transmitted baseband signal, h(t) is the
equivalent baseband impulse response of an unknown mul-
tipath channel, assumed quasi-static during an entire packet,
z(t) is the equivalent baseband additive white Gaussian noise
(AWGN), fC is the carrier frequency, <{·} and ={·} denote
the real and imaginary parts, respectively, LPF{·} represents
low-pass filtering, and ⊗ is the linear convolution operation. If
I/Q imbalance exists, quadrature demodulation and low-pass
filtering of the received RF signal y(t) yield the baseband
inphase and quadrature components yˆI(t) and yˆQ(t) given by
yˆI(t) = y˜I(t)
yˆQ(t) = (1 + ) cos θ·y˜Q(t)− (1 + ) sin θ·y˜I(t).
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After analog-to-digital conversion, the ith sample of the nth
received OFDM signal with I/Q imbalance denoted by yˆi,n
can be given by
yˆi,n = y˜I,i,n+j [(1+) cos θ·y˜Q,i,n−(1+) sin θ·y˜I,i,n] (1)
where y˜I,i,n and y˜Q,i,n represent the real and imaginary parts
of y˜i,n, which is the ith sample of the nth received OFDM
signal without I/Q imbalance. By taking the discrete Fourier
transform (DFT) of (1), we can obtain
Yˆk,n= γY˜k,n + λY˜
∗
N−k,n
= γ[NXk,nHk+Zk,n]+λ[NX
∗
N−k,nH
∗
N−k+Z
∗
N−k,n](2)
where Yˆk,n and Y˜k,n are the DFT values of yˆi,n and
y˜i,n, respectively, N is the number of subcarriers, Xk,n
and Zk,n are the modulation symbol and noise at the
kth subcarrier of the nth symbol, respectively, Hk is
the channel response at the kth subcarrier, ∗ denotes
complex conjugation, and γ and λ are complex values
given by γ = 0.5 {1 + (1 + )(cos θ − j sin θ)} and λ =
0.5 {1− (1 + )(cos θ + j sin θ)} . Equation (2) can then be
taken as our I/Q imbalance model in the frequency domain.
C. Noise Statistics
The time-domain samples zi,n of the AWGN for the
nth OFDM symbol are independent, identically distributed
complex Gaussian random variables, with mean zero and
variance σ2z in real and imaginary parts. Then the DFT values
<{Zk,n} and ={Zk,n} are both Gaussian random variables
with mean zero and variance σ2z/N . The real parts of Zk,n
at different subcarriers are independent, so are the imaginary
parts. And the real and imaginary parts of Zk,n at the same or
different subcarriers are independent. Also Zk,n in different
data symbols are independent.
III. MAXIMUM-LIKELIHOOD ESTIMATION (MLE)-BASED
COMPENSATION METHOD
Since the channel is assumed unknown, we need to estimate
the channel response first. The ML estimation is first used to
get the channel estimate as a function of imbalance parameters,
and we then proceed to estimate the I/Q imbalance again
by ML estimation. Finally, the compensation of the received
signal can be performed.
A. Channel Estimation
If we transmit the same training symbol dk M times, the
M received signals at subcarrier k can be expressed as
Yˆk,n = γ(NdkHk + Zk,n) + λ(Nd
∗
N−kH
∗
N−k + Z
∗
N−k,n),
n = 0, . . . ,M − 1.
Given Hk and H∗N−k, the received signals Yˆk,n are complex
Gaussian random variables with
E[Yˆk,n] = γNdkHk + λNd∗N−kH∗N−k.
We can then find the relationships of the received signals Yˆk,n
at the same or different subcarriers by using the relationships
of Zk,n in Section II. If the number of subcarriers is even, the
results can be summarized as follows.
• k1 = k2 = 0 or N/2:
Cov(<{Yˆk1,n},<{Yˆk2,n}) = σ
2
z
N
Cov(={Yˆk1,n},={Yˆk2,n}) = (1 + )2 · σ
2
z
N
Cov(<{Yˆk1,n},={Yˆk2,n}) = −(1 + ) sin θ · σ
2
z
N .
• k1 = k2 6= 0 or N/2:
Cov(<{Yˆk1,n},<{Yˆk2,n}) = 1+(1+)
2
2 · σ
2
z
N
Cov(={Yˆk1,n},={Yˆk2,n}) = 1+(1+)
2
2 · σ
2
z
N
Cov(<{Yˆk1,n},={Yˆk2,n}) = 0.
• k1 + k2 = N , but k1 6= N/2 and k2 6= N/2:
Cov(<{Yˆk1,n},<{Yˆk2,n}) = 1−(1+)
2
2 · σ
2
z
N
Cov(={Yˆk1,n},={Yˆk2,n}) = −1+(1+)
2
2 · σ
2
z
N
Cov(<{Yˆk1,n},={Yˆk2,n}) = −(1 + ) sin θ · σ
2
z
N .
• Otherwise:
Cov(<{Yˆk1,n},<{Yˆk2,n}) = 0
Cov(={Yˆk1,n},={Yˆk2,n}) = 0
Cov(<{Yˆk1,n},={Yˆk2,n}) = 0.
Similarly, we can show that the received signals Yˆk,n corre-
sponding to different data symbols are uncorrelated.
The log-likelihood function for Hk and HN−k can then be
derived as
Γ(Hk,HN−k) = −M · ln(4π2[det(K)] 12 )
−1
2
M−1X
n=0
(yk,n −µk,n)TK−1(yk,n −µk,n)
where yk,n=(<{Yˆk,n},<{YˆN−k,n},={Yˆk,n},={YˆN−k,n})T ,
µk,n=(E[<{Yˆk,n}],E[<{YˆN−k,n}],E[={Yˆk,n}],E[={YˆN−k,n}])T,
and the covariance matrix K is given by
K = E
£
(yk,n−µk,n)(yk,n−µk,n)T
¤
=


a b 0 c
b a c 0
0 c a −b
c 0 −b a

 · σ
2
z
N
with a=[1+(1+)2]/2, b=[1−(1+)2]/2, and c=−(1+) sin θ.
The ML estimates of Hk and HN−k are thus the solution to
∂ Γ(Hk,HN−k)
∂ <{Hk} = 0 and
∂ Γ(Hk,HN−k)
∂ ={Hk} = 0 (3)
∂ Γ(Hk,HN−k)
∂ <{HN−k} = 0 and
∂ Γ(Hk,HN−k)
∂ ={HN−k} = 0. (4)
By solving (3) and (4), we can obtain the ML estimate of the
unknown channel in functions of  and θ as
<{Hˆk} = µ1
SM−1
n=0 <{Yˆ ∗k,ndk}+µ2
SM−1
n=0 ={Yˆ ∗k,ndk}
NM |dk|2
+
µ3
SM−1
n=0 <{YˆN−k,ndk}+µ2
SM−1
n=0 ={YˆN−k,ndk}
NM |dk|2 (5)
={Hˆk} = µ2
SM−1
n=0 <{Yˆ ∗k,ndk}−µ1
SM−1
n=0 ={Yˆ ∗k,ndk}
NM |dk|2
+
µ2
SM−1
n=0 <{YˆN−k,ndk}−µ3
SM−1
n=0 ={YˆN−k,ndk}
NM |dk|2 (6)
where µ1 = 0.5 + sec θ/(2(1 + )), µ2 = tan θ/2, and µ3 =
0.5 − sec θ/(2(1 + )). The channel estimates need not be
found explicitly; instead, (5) and (6) are substituted into the
log-likelihood function for estimation of I/Q imbalance.
B. I/Q Imbalance Estimation and Compensation
We proceed to estimate the gain and phase imbalance.
Assume the used subcarriers are 1 to F and N−F to N− 1.
The log-likelihood function of  and θ can be derived as
Γ(, θ) = −FM · ln(4π2[det(K)] 12 )
−1
2
FX
k=1
M−1X
n=0
(yk,n−µk,n)TK−1(yk,n−µk,n).
The ML estimates of  and θ are then given by
(ˆ, θˆ) = arg max
(,θ)
Γ(, θ)
which are the solution to
∂
∂
Γ(, θ) = 0 and
∂
∂θ
Γ(, θ) = 0. (7)
The channel estimate Hˆk obtained in (5) and (6) is sub-
stituted for the actual channel response Hk in Γ(, θ). Let
x = 1 +  and y = sin θ; (7) can then be simplified as
A· 1
x2(1−y2) +B ·
−1
x2(1−y2) +C ·
y
x(1−y2) = D (8)
A· (1+x
2)y
x2(1−y2) +B ·
(−1+x2)y
x2(1−y2) +C ·
1+y2
x(1−y2) = D·y (9)
where
A=
F[
k=1
M−1[
n=0
|Yˆk,n|2+|YˆN−k,n|2− 1M
F[
k=1

M−1[
n=0
Yˆk,n

2
+

M−1[
n=0
YˆN−k,n

2
B=
F[
k=1
M−1[
n=0
<
q
Yˆk,nYˆN−k,n
r
− 1M
F[
k=1
<
+M−1[
n=0
Yˆk,n
M−1[
n=0
YˆN−k,n
,
C=
F[
k=1
M−1[
n=0
=
q
Yˆk,nYˆN−k,n
r
− 1M
F[
k=1
=
+M−1[
n=0
Yˆk,n
M−1[
n=0
YˆN−k,n
,
D=4FM σ
2
z
N .
Notice that A, B, and C are only related to the received sig-
nals. Solving (8) and (9) after some complicated calculations,
we can obtain the estimates of  and θ as
ˆ =
p
(A−B)/D − (A+B−D)C2/(A+B)2D − 1 (10)
θˆ =sin−1
³
−C
p
D/((A+B)2(A−B)−(A+B−D)C2)
´
.(11)
Finally, we can compensate the I/Q imbalance and obtain
the compensated received signal yˆ0i,n by·
yˆ0I,i,n
yˆ0Q,i,n
¸
=
·
1 0
tan θˆ 1/((1+ˆ) cos θˆ)
¸
·
·
yˆI,i,n
yˆQ,i,n
¸
(12)
where yˆ0I,i,n and yˆ0Q,i,n are the real and imaginary parts of yˆ0i,n
while yˆI,i,n and yˆQ,i,n are the real and imaginary parts of yˆi,n.
In the MLE-based method, we only need the received
signals for calculation of A, B, and C and the SNR value for
D. Then we can obtain the estimates of the gain and phase
imbalance by (10) and (11). We do not need to know the
training symbols for estimation and compensation of the I/Q
imbalance.
IV. LEAST-SQUARE ESTIMATION (LSE)-BASED
COMPENSATION METHOD
In this method, the least-square (LS) estimation is used to
estimate the channel and then the I/Q imbalance.
A. Channel Estimation
Given the training symbols dk,n, n = 0, 1, 2, . . . ,M−1,
where M is assumed at least 2, we can obtain for each
subcarrier k
Y 1 =D ·H +N1 (13)
where
Y 1=


<{Yˆk,0}+<{YˆN−k,0}
={Yˆk,0}−={YˆN−k,0}
...
<{Yˆk,M−1}+<{YˆN−k,M−1}
={Yˆk,M−1}−={YˆN−k,M−1}


D=


<{dk,0} −={dk,0} <{dN−k,0} −={dN−k,0}
={dk,0} <{dk,0} −={dN−k,0} −<{dN−k,0}
...
...
...
...
<{dk,M−1} −={dk,M−1} <{dN−k,M−1} −={dN−k,M−1}
={dk,M−1} <{dk,M−1} −={dN−k,M−1} −<{dN−k,M−1}


H=


<{Hk}
={Hk}
<{HN−k}
={HN−k}

 and N1=


<{Zk,0}+<{ZN−k,0}
={Zk,0}−={ZN−k,0}
...
<{Zk,M−1}+<{ZN−k,M−1}
={Zk,M−1}−={ZN−k,M−1}


.
As there are no  and θ in (13), we can use (13) for channel
estimation. Since E[N1] = 0 and Var(N1) = (2σ2z/N) ·I2M ,
where I2M is a 2M×2M identity matrix, the LS estimate of
the channel response is then given by
Hˆ = (DTD)−1DTY 1. (14)
B. I/Q Imbalance Estimation and Compensation
For all subcarriers, we can obtain
Y 2 =M · b+N2 (15)
where
Y 2 =


<{Yˆ1,0}− <{YˆN−1,0}
={Yˆ1,0}+ ={YˆN−1,0}
...
<{Yˆ1,M−1}− <{YˆN−1,M−1}
={Yˆ1,M−1}+ ={YˆN−1,M−1}
...
...
<{YˆF,0}− <{YˆN−F,0}
={YˆF,0}+ ={YˆN−F,0}
...
<{YˆF,M−1}− <{YˆN−F,M−1}
={YˆF,M−1}+ ={YˆN−F,M−1}


M =


M1,0,1 M1,0,2
M1,0,3 M1,0,4
...
...
M1,M−1,1 M1,M−1,2
M1,M−1,3 M1,M−1,4
...
...
...
...
MF,0,1 MF,0,2
MF,0,3 MF,0,4
...
...
MF,M−1,1 MF,M−1,2
MF,M−1,3 MF,M−1,4


with
Mk,n,1 = <{Hkdk,n}− <{HN−kdN−k,n}
Mk,n,2 = ={Hkdk,n}− ={HN−kdN−k,n}
Mk,n,3 = ={Hkdk,n}+ ={HN−kdN−k,n}
Mk,n,4 = −<{Hkdk,n}− <{HN−kdN−k,n}.
Also b is the imbalance vector defined as
b =
·
(1 + ) cos θ
(1 + ) sin θ
¸
and N2 is a vector consisting of noise only given by
N2=(1+)


cosθ·<{Z1,0−ZN−1,0}+sinθ·={Z1,0−ZN−1,0}
cosθ·={Z1,0+ZN−1,0}−sinθ·<{Z1,0+ZN−1,0}
...
cosθ·<{Z1,M−1−ZN−1,M−1}+sinθ·={Z1,M−1−ZN−1,M−1}
cosθ·={Z1,M−1+ZN−1,M−1}−sinθ·<{Z1,M−1+ZN−1,M−1}
...
...
cosθ·<{ZF,0−ZN−F,0}+sinθ·={ZF,0−ZN−F,0}
cosθ·={ZF,0+ZN−F,0}−sinθ·<{ZF,0+ZN−F,0}
...
cosθ·<{ZF,M−1−ZN−F,M−1}+sinθ·={ZF,M−1−ZN−F,M−1}
cosθ·={ZF,M−1+ZN−F,M−1}−sinθ·<{ZF,M−1+ZN−F,M−1}


.
The channel estimate Hˆk obtained in (14) is substituted for the
actual channel response Hk in (15), and then we proceed for
I/Q imbalance estimation. Since E[N2] = 0 and Var(N2) =
(1 + )2 · (2σ2z/N) ·I2MF , the LS estimate of the imbalance
vector b can be given by
bˆ = (MTM)−1MTY 2.
Finally, we can compensate the I/Q imbalance with the
estimated imbalance vector bˆ and obtain the I/Q imbalance
compensated received signal yˆ0i,n by (12).
V. EFFECT OF FREQUENCY OFFSET IN MLE-BASED
COMPENSATION
In order to study the effect of the frequency offset, we first
simplify A, B, and C obtained in Section III as follows.
A=
F[
k=1
#M−1[
n=0
|γZk,n + λZ∗N−k,n|2+
M−1[
n=0
|γZN−k,n + λZ∗k,n|2
−

M−1[
n=0
(γZk,n+λZ∗N−k,n)

2
+

M−1[
n=0
(γZN−k,n+λZ∗k,n)

2

 (16)
B=2
F[
k=1
<
+M−1[
n=0
(γZk,n + λZ∗N−k,n)(γZN−k,n + λZ∗k,n)
− 1M
M−1[
n=0
(γZk,n + λZ∗N−k,n)
M−1[
n=0
(γZN−k,n + λZ∗k,n)
,
(17)
C=2
F[
k=1
=
+M−1[
n=0
(γZk,n + λZ∗N−k,n)(γZN−k,n + λZ∗k,n)
− 1M
M−1[
n=0
(γZk,n + λZ∗N−k,n)
M−1[
n=0
(γZN−k,n + λZ∗k,n)
,
. (18)
Note that they are functions of noise only.
If the frequency offset ν exists, the received signal with I/Q
imbalance becomes
Yˆk,n = γY˜
0
k,n + λY˜
0∗
N−k,n (19)
where Y˜ 0k,n is given by
Y˜ 0k,n = NdkHk
N−1X
n=0
ej2πnν
+
N−1X
m=0,m6=k
NdmHm
N−1X
n=0
ej
2πn(m−k+νN)
N + Zk.
If the received signal with frequency offset in (19) is used to
reduce A, B, and C, we can obtain the same results as in
(16)–(18). Therefore, the frequency offset does not affect the
estimates of  and θ in the MLE-based method.
VI. SIMULATION RESULTS
We employ the data format of long training symbols in
the IEEE 802.11a standard [9]. Performance evaluation is
carried out by the normalized mean-squared error (NMSE) of
compensated signals. Assume the gain imbalance is 0.1 and
the phase imbalance is 10◦. Fig. 2 shows the NMSE of the
compensated received signals at different SNR on AWGN and
multipath channels, where the multipath channel follows the
IEEE 802.11 channel model in [10]. We find that both methods
perform well on AWGN channels and multipath channels. The
MLE-based method performs well at all SNR even when the
SNR is very low. The LSE-based method works better as
the SNR increases and outperforms the MLE-based method
at SNR higher than 22 dB. Fig. 3 shows that the effects of
timing and frequency offsets over multipath channels. The
MLE-based method is robust against the timing and frequency
offsets while the LSE-based method is only robust against the
timing offset.
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Multipath channel with rms delay spread 50 ns
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Fig. 2. NMSE of compensated received signals at different SNR. Note that
the solid lines are for the MLE-based method and the dashdot lines for the
LSE-based method.
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Fig. 3. NMSE of compensated received signals with timing and frequency
offsets at different SNR over multipath channels with rms delay spread 100
ns. Note that the solid lines are for the MLE-based method and the dashdot
lines for the LSE-based method.
In Figs. 2 and 3, we can find that the MLE-based method
is insensitive to different SNR. We can find the expectations
of A, B, and C given by
E[A] =
¡
1 + (1 + )2
¢
F 2(M − 1)/SNR
E[B] =
¡
1− (1 + )2
¢
F 2(M − 1)/SNR
E[C] = −2(1 + )2F 2(M − 1)/SNR
where SNR = FN/(2σ2z). All the expectations of A, B, C,
and D are proportional to 1/SNR, and the numerator and
denominator of the estimates of  and θ in (10) and (11) have
the same order of A, B, C, and D. So the estimates of  and
θ change very slightly as SNR changes.
In Fig. 4, we change the gain and phase imbalance to show
the performance of these two methods with difference I/Q
imbalance. We can see that the two proposed methods are
insensitive to different gain and phase imbalance.
VII. CONCLUSION
In this paper, we have proposed two I/Q imbalance com-
pensation methods: the MLE-based method and the LSE-based
method. The compensation ability of the MLE-based method
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Fig. 4. NMSE of compensated received signals for both methods with
different gain or phase imbalance over multipath channels with rms delay
spread 100 ns (at SNR 15 dB).
is stable at different SNR, and it is robust to the delay spread,
timing offset, and frequency offset. The LSE-based method
performs better as the SNR increases, and it outperforms the
MLE-based method at higher SNR. The LSE-based method
works well with the delay spread and timing offset but poorly
with the frequency offset. Both of them have high tolerance
to different gain and phase imbalance.
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